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Ganeshan et al. (Biochem Biophys. Acta 1173 (2007) 192–200) recent study documents the effect of N-WASP inhibition and actin
cytoskeleton disruption on the constitutive internalization and recycling of the cystic fibrosis transmembrane conductance regulator (CFTR)
channel. The results implicate the cytoskeleton network as a potential modulator of immobilized CFTR pool size at the plasma membrane and the
recycling efficiency of endocytosed channel back to the cell surface.
Crown Copyright © 2007 Published by Elsevier B.V. All rights reserved.Keywords: Endocytosis; Recycling; Actin; WASP; SortingThe cystic fibrosis transmembrane conductance regulator
(CFTR or ABCC7), a protein kinase A (PKA)-regulated plasma
membrane chloride channel, belongs to the ATP-binding
cassette (ABC) transporter superfamily [1]. Cystic fibrosis
(CF), one of the most common, lethal genetic diseases in the
Caucasian population, is caused by impaired functional
expression of the CFTR at the plasma membrane. CF-associated
mutations can interfere with channel biogenesis, transport
activity and stability, or a combination of these [2]. Under-
standing the regulatory processes that determine the wild-type
(wt) and mutant CFTR cell surface density is essential for
designing novel therapeutic approaches to alleviate the expres-
sion defect of trafficking/folding mutations, as well as for
elucidating ion-channel physiology in general [3].
It has been long recognized that constitutive, clathrin-
dependent internalization of wt CFTR relies on the recognition
of tyrosine- and di-leucin-based endocytic motifs by the
heterotetrameric clathrin adaptor, the AP-2 complex [4–7].
This association is a prerequisite for CFTR concentration in
invaginated plasma membrane patches and recruitment of the
clathrin coat (clathrin coated pits, CCP) as a prelude to
formation and fission of the clathrin coated vesicles (CCV), a
dynamin-mediated process (Fig. 1). Interfering with AP-2⁎ Corresponding author. Tel.: +1 416 813 5125; fax: +1 416 813 5771.
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prevented CFTR internalization [7–9].
Considering the channel rapid internalization (5–10%/min)
and limited translational rate in numerous model systems
[5,10–12], targeting of endocytosed CFTR back to the cell
surface by the endosomal sorting machinery is a prerequisite
to preserve its slow metabolic turnover in post-Golgi com-
partments (t1/2 ∼14–18 h) and avoid premature lysosomal
degradation [10,13,14]. Since CFTR undergoes numerous
internalization and exocytic cycles, even a modest inhibition
of recycling could lead to intracellular retention and con-
comitant destabilization of the cell surface pool, as exemplified
by the phenotype of the conformational destabilized mutant
CFTRs [14]. In accord with these considerations wt CFTR
recycles with high efficiency via Rab-11-positive recycling
endosomes to the cell surface, utilizing an Rme1-dependent
vesicular transport mechanism [9,13]. In contrast, partially
unfolded mutant CFTRs are subjected to ubiquitination at a
presently unidentified location in post-Golgi compartments and
recognized by ubiquitin-dependent endosomal sorting machin-
ery (e.g. Hrs, STAM and ESCRTI-III, Ref. [14]), rerouting the
channel from the recycling pathway towards lysosomal deg-
radation (Fig. 1).
Although selected cytoskeletal components have been
identified as regulators of CFTR membrane trafficking in
post-Golgi compartments [12], in a recent study Ganeshan et al.
uncovered the role of a previously unappreciated component of.V. All rights reserved.
Fig. 1. Schematic model of CFTR membrane trafficking at the plasma membrane (PM) and the involvement of protein–protein interactions in clathrin-dependent
endocytosis, recycling and lysosomal targeting of the channel. Activation of protein kinase A (PKA) besides stimulating channel opening also inhibits CFTR
internalization and facilitates recycling in tissue specific manner. In addition, PKA may favor the partitioning of cell surface resident CFTR into immobile or tethered
pool over the freely mobile CFTR pool, the preferential cargo for clathrin coated vesicle (CCV). For an in-depth discussion of the role of polypeptides indicated in
CFTR membrane trafficking the reader is referred to recently published excellent review articles [22,28–30].
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The authors used reversible biotinylation technique in concert
with immunochemistry and electrophysiological assays to
measure the cell surface density, internalization rates and the
size of endocytosed CFTR pool. Pharmacological inhibition of
N-WASP (Neuronal Wiskott-Aldrich Syndrome Protein), an
activator of Arp2/3 and actin polymerization [16], with
wiskostatin, a cell permeable allosteric inhibitor, demonstrated
that blocking F-actin formation dramatically decreased the cell
surface CFTR density in baby hamster kidney (BHK) cells
[15]. Similar results were obtained in HT29 epithelia, using
whole cell current measurements as readout or depolimerizing
actin by latranculin B, a actin monomer-sequestering agent.
Cell surface biotinylation also revealed that CFTR internaliza-
tion rate was accelerated approximately two-fold in the
presence of wiskostatin. This is an unexpected finding
considering that coordinated burst of actin polymerization
and endocytic proteins accumulation (e.g. dynamin, Arp2/3 and
cortactin) appears to occur at the site of endocytosis [17,18].
Efficient internalization of CFTR requires actin polymerization
and association with the actin-binding motor protein, Myosin
VI in HEK293 cells [12]. As a corollary, inhibition of actin
polymerization by capping the growing end of the filaments
with cytochalasin D inhibited internalization in HEK293
cells [12].
Interfering with N-WASP function impedes the epidermal
growth factor receptor (EGFR) internalization, but not cargo
concentration at CCPs in N-WASP deficient cells [19],
consistent with accumulating evidence implicating filamentous
actin formation in the generation and fission of CCV at the
plasma membrane [17]. Although wiskostatin was recentlyreported to deplete the cellular ATP-level in various cell types at
the concentration applied [20], this phenomenon is unlikely to
account for accelerated CFTR internalization since cytosolic
ATP is indispensable for clathrin-dependent endocytosis [21].
The opposite role of N-WASP in CFTR and EGFR internaliza-
tion, according to Ganeshan et al. could be explained by the
presence of an immobile CFTR pool at the cell surface, the size
of which may significantly diminish upon disruption of the actin
cytoskeleton with wiskostatin or latranculin B (Fig. 1). Freely
mobile CFTRs may have increased propensity to be retrieved
into CCPs.
It is well established that the PDZ (PSD-95, Dlg, and ZO-1)
domain containing adaptor molecules (e.g. NHERF1/EBF50
andNHERF2) associates with the COOH-terminal PDZ-binding
motif (DTRL) of CFTR and tether the channel to the actin
cytoskeleton via the ERM (ezrin, radixin and merlin) binding
domain [22]. Fluorescence recovery after photobleaching
(FRAP) measurements, as well as fluorescence correlation
spectroscopy (FCS) suggest that approximately 50% of CFTR is
immobile at the plasma membrane [23]. Single-particle tracking
using quantum-dot labeled CFTR showed that the channel
diffusion is confined to <200 nm in both non-polarized cells and
epithelia [23,24]. Remarkably, both the immobile fraction and
the diffusional mobility of CFTR were significantly increased
when CFTR binding to NHERF-1 was eliminated [23,24].
Accordingly, CFTR confinement was diminished and the
diffusional mobility was increased by saturating the PDZ
domain binding of NHERF-1 or preventing NHERF-1 binding
to CFTR [23,24]. These observations are in line with the
hypothesis that attenuating CFTR confinement by N-WASP
inhibition or by disrupting actin cytoskeleton may promote
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Demonstrating the reduction of immobile cell surface pool and
increased diffusional mobility of CFTR upon wiskostatin
treatment would support this assumption. Likewise, testing
whether differences in the cellular environment, phosphoryla-
tion state and interacting protein profiles can contribute to the
discordant effects of cytoskeleton disruption on CFTR endocy-
tosis in the various expression systems, would provide
additional clues about the regulation of the cell surface channel
density.
Another interesting aspect of the results of Ganeshan et al. is
the inference that a dynamic actin cytoskeleton is involved in
the recycling of internalized CFTR. This conclusion is based
primarily on the observation that the modestly increased
endocytosis rate of CFTR was associated with a nearly
complete disappearance of the cell surface resident CFTR
pool. Since intracellularly accumulated CFTR was resistant to
proteolysis, the authors suggested that in the absence of
filamentous actin, cell surface delivery of CFTR was impeded.
While the actin cytoskeleton role in cargo internalization per se
has been fairly well established, much less is known about its
role in recycling. Deletion of the C-terminal PDZ-binding motif
inhibited CFTR recycling, but not the endocytosis in respiratory
epithelia, in accord with the notion that CFTR tethering to F-
actin may promote the channel exocytosis [10]. The highly
efficient CFTR recycling (18%/min) in respiratory epithelia
was suppressed by Pseudomonas aeruginosa cell-free filtrate
[11], conceivably via disrupting the actin cytoskeleton,
although this assumption awaits experimental verification.
Finally, involvement of actin cytoskeleton (via actinin-4,
myosin V or NHERF-1) in the recycling of selected G-protein
coupled receptors (GPCR), the transferrin receptor (TfR) and
the glucose transporter 4 (GLUT4) has been suggested,
although the precise role of F-actin in these processes remains
to be uncovered [25–27].
While several questions regarding the molecular machinery
involved in CFTR membrane dynamics remain to be addressed,
the results of Ganeshan et al. provide an additional snapshot of
the complexity of regulatory networks involved in CFTR
peripheral trafficking and suggest that CFTR may join the group
of cargo molecule (e.g. GLUT4, GPCR and TfR) that undergoes
cytoskeleton-dependent recycling, a cellular process that likely
contributes to the physiological regulation of numerous
channels and transporters at the cell surface. Besides quantita-
tive determination of CFTR recycling efficiency in wiskostatin
and latranculin B treated cells, it would be important to
delineate the membrane trafficking step(s) that requires F-actin
formation at high spatial resolution. Cargo concentration,
tubulation of sorting endosomes and CFTR transport vesicle
budding as well as vectorial diffusion of recycling vesicles to
the plasma membrane may represent distinct sites of regulation
by the actin cytoskeleton.
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